The present paper investigates the influence of stitching on delamination resistance of laminated composite structures. The mixed-mode interlaminar fracture toughness, G I/IIC , of the stitched hybrid laminated composites is studied in order to investigate the resistance of the 3D-composites to the crack propagation in delaminated composite structures. To that end, the mixed-mode interlaminar fracture toughness was measured using the asymmetric double cantilever beam (ADCB) test method. The hybrid ADCB and stitched hybrid ADCB composite beams were laid-up in order to study the effect of stitching on the interlaminar fracture toughness. The test results showed that the resistance of stitched fibres against the crack propagation in stitched hybrid composites can significantly improve the mixed-mode interlaminar fracture toughness.
Introduction
The fibre-reinforced polymer (FRP) composite materials provide functional and economic benefits such as enhanced strength, durability, and stiffness to weight ratio. This could also result in a net environmental benefit in terms of lower fuel consumption and CO 2 emission. Composites are the preferred materials in a variety of industrial applications. Although they are primarily used in aerospace structures, they are also the materials of choice in such diverse applications as the marine engineering, automotive structural parts, micro-electro-mechanical systems, wind turbine blades as well as stiffeners for civil structures. In this regard, it is important to investigate such advanced composite materials as 3D-FRP composites with a view to improving their mechaniccal and physical properties further compared to the 2D-FRP composites.
Although composites do not experience metal-like fatigue failure, laminated composites are, nevertheless, prone to failure by delamination. This not only can occur during the manufacturing process due to such factors as voids and trapped gas, contaminated reinforcing fibres, insufficient wetting of fibres and machining operations, but it could also occur during the service due to impact shocks or environmental degradation, particularly moisture intake. Furthermore, under transverse mechanical loading, interlaminar stresses are induced which, owing to the substantial difference between the resin and fibre moduli results in a correspondingly large straining of the resin. In the absence of any through-thickness reinforcement, this could lead to delamination. Extensive study of the delamination resistance has led to the development of various test methods [1] [2] [3] [4] [5] [6] [7] [8] . Standards are currently available for the mode-I double cantilever beam (DCB), mode-II end notched flexure (ENF) and mixed-mode bending (MMB) tests on unidirectional (UD) laminates. However, most of the laminate designs of composite structures involve multidirectional (MD) laminates, and delamination usually occurs at the interfaces between differently ori-ented plies.
Choi et al. [9] investigated the fixed ratio mixed mode test (G I /G II = 4/3) on carbon/epoxy UD and [45/−45] specimens. Intraply damage occurred in the latter, but it was possible to obtain true interlaminar values for the initiation total critical strain energy release rate Gc. These values were 65% higher than those of UD specimens. Ozdil and Carlsson [10, 11] tested glass/polyester and filament wound glass/epoxy MMB specimens and obtained θ-increasing initiation Gc values. Kim and Mayer [12] evaluated the toughness of carbon/epoxy MMB specimens with various delaminating interfaces. Initiation occurred already in an in tralaminar non-self-similar move towards a neighbouring interface. Furthermore, the area method employed for data reduction seems unsuited, as suggested by the very low toughness values reported. Pereira and Morais [13] performed the MMB tests on glass/epoxy multidirectional specimens with delamination in (0/θ) and (θ/−θ) type interfaces. In their study, the modified beam theory (MBT) data reduction scheme gave accurate predictions of specimen compliances. Oliveira et al. [14] undertook to verify numerically the adequacy of the MMB method for fracture characterisation of clear wood from maritime pine under mixed-mode loading. The results of numerical simulations were used as input data in a new data reduction scheme based on specimen compliance. Wosu et al. [15] used the mixed-mode open notched flexure (MONF), anti-symmetrically loaded endnotched flexure (MENF) and centre-notched flexure (MCNF) specimens to investigate the dynamic mixed I/II mode delamination fracture using a fracturing split Hopkinson pressure bar. The experimental results showed that dynamic delamination increases linearly with mode mixing. Also at higher impact energy (E ≤ 0.4 J), the dynamic (G d ) and total (G T ) energy release rate is independent of the mixed-mode ratio. Dharmawan et al. [16] studied the mixed mode loading conditions ranging from a mode mix ratio (G II /G T ) of 0% using DCB test, through the mixed mode range, using MMB tests, to 100%, using ENF testing for thick glass/vinylester specimens. There was a significant difference between the results for 0% mode mix ratio as measured using the DCB test and those for 20% mode mix ratio as measured by the MMB test, even when adjusted according to the exponential trend line. Rugg et al. [17] investigated the mixed-mode delamination behaviour of carbon-epoxy laminates, which had been reinforced through-thickness, using two different test specimens, T-stiffener and a mixed-mode bending (MMB) specimen. Their results indicate that reinforcement raises the ultimate strength of the MMB specimen by a factor of three. However, the failure sequence and, therefore, the ultimate load in the T-stiffeners depend strongly on the test configuration.
The fixed ratio mixed mode asymmetric double cantilever beam (ADCB), studied extensively by the ESIS TC4 group in the 1990s, is limited as it is a single ratio of 4:3 of mode I to mode II component. The ADCB-test requires a sliding fixture similar to the mode II ELS-test. Locus plots with pure mode I, pure mode II and mixed mode I/II can thus be generated with two test rigs (DCB and sliding fixture for ELS and ADCB) or, alternatively, with three rigs (DCB, 4ENF, and MMB) [18] .
In the present work, the mixed-mode interlaminar fracture toughness, G I/IIC , of stitched hybrid laminated composites is studied in order to investigate the behaviour of 3D-composites under the condition of crack propagation experienced by delaminated composites. The mixed-mode interlaminar fracture toughness, G I/IIC , was measured using asymmetric double cantilever beam (ADCB) test method.
The hybrid ADCB and stitched hybrid ADCB composite beams were laid-up from [ 10 to study the effect of stitching on the interlaminar fracture toughness. Test results showed that the resistance of stitched fibres against the crack propagation in the stitched hybrid composites can significantly increase the mixed-mode interlaminar fracture toughness.
Experimental Study
The mechanical characteristics of carbon/epoxy and glass/ epoxy were obtained in accordance with the relevant standards. These tests are included tensile, shear, fibre volume fraction [19] [20] [21] , coefficient of friction, double cantilever beam (DCB), 3-point-end-notched flexure (3ENF) and asymmetric double cantilever beam (ADCB). All specimens were manufactured from carbon fibre reinforced plastic (CFRP) and glass fibre reinforced plastic (GFRP) materials of density 1.8 g/cm 3 and 1.6 g/cm 3 respectively, with epoxy resin as matrix. A summary of the findings for tensile, shear and fibre volume fraction are tabulated in Table 1 .
Preparation of Hybrid ADCB Specimen
The lamination of the ADCB beam consisted of 20 layers of GFRP and CFRP (total thickness of 5.5 mm). The mid-plane interfaces were G 0 //C 0 , G 0 //C 90 , G 90 //C 0 and 
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G 90 //C 90 to determine the mixed-Mode I/II interlaminar fracture toughness along the fracture planes. For determining the mixed-Mode I/II interlaminar fracture toughness, G I/IIC , ESIS protocol [4] was followed. A Teflon insert of thickness 13 μm was located at the midplane in the ADCB specimens. The insert position was applied at the mid-plane (10//10) of specimen with equal arm thickness h 1 = h 2 = 2.75 mm (see Figure 1) . The corrections for the end-block, ADCB arm bending and root rotation were considered. According to the reference [4] , the recommended ADCB specimen size is at least 160 mm long and 20 mm wide with an initial precrack length (i.e. the length of the insert from the load line) of 45 mm. Force at each crack length was retrospectively obtained from the recorded force-displacement diagram to calculate the G I/IIC of ADCB specimens (see Figure 2 ).
Preparation of Stitched Hybrid ADCB Specimen
Many novel techniques [22] have been developed to reinforce laminated polymer composites in the throughthickness direction as a solution to the problems of poor impact damage tolerance, low through-thickness mechaniccal properties, and weak strength of bonded joints. The most common through-thickness reinforcement techniques are 3D weaving, stitching and braiding. More specialist techniques include embroidery, tufting and z-anchoring, hereafter known as stitching. These techniques are effective at increasing the delamination resistance and impact damage tolerance. The manufacturing of stitched hybrid composite specimens is similar to the normal hybrid composite specimens except that subsequent to the laying up of the laminate, the stitched ADCB specimens have to be stitched with Glass fibres (see Figure 3(a) ) before moulding. Strips of glass fibres were stitched onto the test specimens in the z-direction using a needle. For each specimen, three rows of stitches, each row containing nine pins, were stitched. To ensure uniform crack propagation in the test specimens, these pins were placed at a distance of 10 mm past the Teflon insert. Also, with each row being 10 mm apart, the nine pins were stitched such that there were three rows in total and three pins in each row (see Figure 3(b) ). The recorded force-displacement diagrams are shown in Figure 4. 
Experimental Results and Discussion
Various test methods have been investigated to measure mixed-Mode I/II interlaminar fracture toughness. The mixed-mode bending (MMB) test has been balloted within ASTM as a prospective mixed-mode standard. The main advantage of the MMB test is that it could change the whole mixed-mode failure envelope from pure Mode-I to pure Mode-II, which can be measured using a single apparatus. The asymmetric double cantilever beam (ADCB) is another test method for measuring the mixed-Mode I/II interlaminar fracture toughness. The ADCB test method yields one single ratio, namely G IC /G IIC , which is equal to 4/3 between Mode I and Mode II interlaminar fracture toughness.
The mixed-mode ratio of ADCB specimen can be calculated from ( )
where h 1 is the distance between the plane of insert film and the top of the beam and h 2 is the distance from the plane of insert film to the bottom of the beam and 
where I χ is a correction factor for the beam root rotation in Mode-I component, and 0.42
is the correction factor for Mode-II component.
The mixed-mode ratio of ADCB specimen which was made with Teflon insert at the mid-plane (h 1 = h 2 ), was 1.33.
Using the Corrected Beam Theory (CBT) method, which uses simple beam theory with correction factors accounting for the beam not being perfectly built-in and having a large displacement during the test, the total mixed-Mode I/II energy release rate in the ADCB test, G I/IIC , can be partitioned to Mode-I and Mode-II components as [19] : ( ) ( ) 2  2  3  2  mixed  1  2  3  3  3  1  2  1  2 6 2  1  mixed  1 2  2  2  3  3  1  1  2  1  2 18
in which f is the large displacement correction factor. In this study Experimental Calibration Method (ECM) which uses the plot of the compliance, C, versus the cube of the delamination length, a 3 , was also considered to determine the mixed-Mode I/II fracture toughness.
There are three different methods for determining the crack length for the initiation values from the precrack as the distance between the force-displacement and the precrack are considered. The first non-linearity (NL) method determines the point of deviation from linearity, by sketching a straight line from the origin. The second uses the visual observation (VIS) which is the first point at which the crack is observed to move from the tip of the Teflon insert. The last method is the MAX/5%, a point on the force-displacement curve at which the compliance has increased by 5% of its initial value. Since no significant difference is expected to exist between any two of these methods, in this work the visual observation (VIS) was conveniently chosen to determine the initiation crack length. The comparison between force-displacement for the ADCB and the z-ADCB for laminate design of [C 90 /G 0 ] 10 specimen is shown in Figure 5 . Subsequent to the appearance of the crack in the stitched area in the z-ADCB specimen, load increases rapidly in comparison with the variation of load in other ADCB specimens. Beside the stitching effect, the development of the transverse cracking caused several continuous increases of force after the initial crack propagation, resulting in a rising R-curve for the ADCB specimens. Transverse cracking for all the interface planes happened at the beginning of the delamination growth (see Figure 6 ). Reasons such as intra-laminar delamination, mixed mode fracture, fibre-bridging, micro-cracking, residual stresses, or a combination of these in the θ-oriented lamina at the interface are believed to have caused the development of transverse cracking in the ADCB tests (see Figure 7) . In all the ADCB tests, intra-laminar delamination, fibre-matrix debonding and/or fibre breakage were observed in fracture surface areas as shown in Figures 8 and 9 .
The results of mixed-Mode I/II delamination fracture toughness, G I/IIC , using VIS for each interface, are presented in Table 2 . According to the standard [4] , Figure 10 . Results showed that the resistance of stitched fibres against the crack propagation in the stitched hybrid composites can significantly increase the mixed-mode interlaminar fracture toughness (see Figure 11) . 
